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Abstract
Terahertz Time-Domain Spectroscopy (TDS) has emerged during the last two 
decades as a very popular technique for characterizing the low-energy excitations 
of several materials, gaseous, liquids and solids, as well as artificial materials as for 
instance epitaxial heterostructures and more. In recent years, the advances in THz 
technology allowed obtaining nonlinear optical effects with THz photons, showing 
remarkable results. In particular, THz Hyper-Raman Spectroscopy greatly expands the 
spectroscopic capability of the standard THz-TDS by combining intense and broad-
band THz pulses with a detailed analysis of the spectral content of the generated sig-
nal. It is evident that this improvement needs an adequate software support. The main 
parameter for coding the software which differs with respect to a standard THz-TDS 
software is the control of a motorized grating (monochromator), but several routines 
employed in the setup optimization stage rather than the actual measurement are 
needed as well. In this paper we present the TeraVision software, based on LabVIEW 
code, in order to highlight the solutions we adopted to tackle the main experimental 
challenges as well as to give a pleasant and user-friendly experience to expert users.
Keywords: nonlinear spectroscopy , THz time, domain spectroscopy, THz hyper, 
Raman spectroscopy , optics, pump&probe
1. Introduction
1.1 Brief introduction on terahertz radiation
Terahertz (THz) is a multiple of the unit of frequency in the International 
System, equal to 1012 Hz. In the present context we use it for representing the fre-
quency of electromagnetic waves in the range of 0.1 to 30 THz (wavelength 10 μm 
to 3000 μm), which confines with microwaves and infrared (IR) light. The THz 
radiation lies on a transition region from macroscopic classical theory to micro-
scopic quantum theory and from classical electronics to photonics. Sometimes, 
especially in the past, people refer to this region with the expression “Terahertz 
gap”. The reason for this is that both the generation and detection of THz electro-
magnetic waves is quite challenging compared to well-established techniques in the 
microwaves and infrared regions, so that this important part of the electromagnetic 
spectrum was inaccessible until very recent years. Since the first artificial THz wave 
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was produced and detected by means of ultrashort laser pulses in the early 90’s, a 
strong research effort began with the aim to improve our ability to produce, control, 
manipulate and detect this kind of waves [1], so that now, 30 years later, the expres-
sion “THz gap” is not so often employed anymore.
The importance of THz spectroscopy in fundamental science is obvious because 
many important low-energy excitations are present within this range in practically 
all kind of materials: emerging materials [2], semiconductors [3], ferroelectrics [4], 
superconductors [5], polymers [6], photonic crystals [7], liquids [8–10], gases [11] 
and biological systems [12]. Moreover, THz technology has a high impact in many 
different areas too. We shall not cite them all here, but as an example the application 
of THz sensing and imaging to biomedical and biological studies and laboratory 
practices will revolutionize, in our opinion, these fields in a close future [13]. One of 
the great advantages in this case, is the very low photon energy, which is much safer 
than X-rays for living tissues imaging [14].
The unique performance of THz has far-reaching implications in areas such 
as communications [15], radar [16], astronomy [17], safety inspection (airports) 
[18], etc. Terahertz is a new source of radiation with many unique advantages: as 
an example, it is possible to combine spatial and temporal resolution (a typical THz 
pulse has a time duration of about 1 ps and a wavelength of about 100 μm) in order 
to perform not only imaging but also time-resolved measurements on an ultrafast 
ps time-scale. As a result, THz research has a great value to national economy and 
national security [19].
1.2 THz Spectroscopy
For many years, IR and Raman spectroscopies have been used to investigate the 
properties of molecular vibrations and rotations. THz Spectroscopy can comple-
ment those two techniques, for mainly two reasons: from the one hand, it can access 
higher wavelengths compared to IR and Raman, and from the other hand it can 
access the complex transmission or reflection coefficients rather than their real 
squared value (power spectrum), as will be shown in the following [20].
Figure 1 shows the position of the THz range in the electromagnetic spectrum. 
At present, there is no generally accepted definition of the upper and lower limits 
of THz radiation frequency. The high frequency of THz spectrum overlaps with 
the far IR spectrum, and the low frequency overlaps with the microwave frequency 
band. Most of the authors set the limits of this range to 0.1–3 THz, because this is 
the emission region of the most commonly used sources (photoconductive anten-
nas and optical rectification), but here we prefer to extend this range up to 30 THz, 
because this is the upper limit of our source based on air-plasma, which will be 
described in the following, and this emission scheme is essential to achieve the THz 
Hyper-Raman effect, as it will be shown later.
Figure 1. 
The terahertz region in the electro-magnetic spectrum.
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A major reason for the rapid development of terahertz spectroscopy is the 
progress of ultrafast lasers (femtosecond pulses) by means of the Chirped Pulse 
Amplification technique, which was introduced by Donna Strickland and Gérard 
Mourou at the University of Rochester in the mid-80’s for which they received the 
Nobel Prize in Physics in 2018 [21]. These ultrashort laser sources gave birth to 
several new generations of spectrometers in the early 90’s, including THz. The THz 
spectrometer is capable of generating and detecting pulses of coherent THz radia-
tion, but most importantly it is able to detect both amplitude and phase of the THz 
wave, and thus it allows retrieving the full complex dielectric function of the target 
material without resorting to Kramers-Kronig relationships, as it happens in stan-
dard IR spectroscopy. Moreover, some recent advances in both the fs laser sources 
and the THz emission efficiency and detection sensitivity, allowed the researchers 
to make use of intense THz pulses to control the material relevant parameters [22], 
rather than being limited to measure its spectrum.
1.3 THz time domain spectroscopy
THz Time Domain Spectroscopy (THz-TDS) is the most widespread technology 
among general THz spectroscopies. We give here a brief description of it, although 
it is not the main topic of this Chapter, for two different reasons. First, the 
TeraVision software is able to control standard THz-TDS measurements besides the 
THYR Spectroscopy, and, second, THz-TDS is a good way for inexperienced readers 
to approach the topic of THz Spectroscopy in general. The name of this technique is 
quite straightforward as the spectroscopic information is not retrieved directly in 
the frequency domain, but in the time domain, and then converted by simple 
Fourier Transform. The THz pulse can be generated in several ways. The most 
commonly employed generation mechanisms are photoconductive antennas [23], 
optical rectification [24] and air-plasma four waves mixing [25]. The first method 
creates a strong and short burst of current in between two electrodes with applied 
bias voltage when a population of free charges is suddenly created by a fs-laser 
optical pulse in a semiconductor slab. The second method converts the fs-pulse 
bandwidth into THz by nonlinear optical difference frequency conversion (w w- , 
often called “optical rectification”, this expression more properly refers to static 
electric fields generated by light) by means of opportune nonlinear crystals (ZnTe, 
GaSe, GaP and many others have been proved to work best on different spectral 
ranges). The key point here is that due to the very large bandwidth of fs-pulses the 
difference between all possible frequencies (w w- ) does not always vanish, but it 
rather creates a low-energy band whose extension depends on the laser pulse 
bandwidth as well as the dielectric properties of the nonlinear crystal. The third 
method is based on laser ionization of air molecules, converted by strong laser 
intensity into plasma, which is a highly non-linear medium. The contextual pres-
ence of fundamental and double frequency photons (created by a suitable nonlinear 
crystal Beta Barium Borate β-BBO, placed few centimeters in front of the plasma) 
generates many four-waves mixing frequencies: some of them are falling into the 
visible domain, as possible to observe in Figure 2 on the mirror surface, and should 
be filtered out by a high resistivity thick silicon wafer, but one particular linear 
combination of those frequencies ( w w w- -2 ) is capable of producing the THz 
radiation. Also, here as in previous point, the subtraction of two photons at funda-
mental laser frequency from one photon at double frequency, is not a static field 
(w = 0 ) because of the large bandwidth of the fs-laser pulses. This is the generation 
scheme which is necessary for THYR Spectroscopy [26].
For detection, it is possible to use any of the above mentioned techniques, but 
reversed. In all cases, the detection works as follows: the THz pulse is sent to the 
sample and it gets reflected or transmitted. Then, it is sent to a detector which will 
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change its electric or optical behavior according to the THz excitation, and namely 
to the value (and sign) of the THz electric field at a specific time. As an example, 
the THz pulse will change the microcurrent which flows in between two electrodes 
on a semiconductor substrate (photoconductive antennas) but this current will 
exist only when a second fs-laser optical pulse hits the semiconductor to create free 
carriers. Given the much shorter duration of the fs pulse as compared to the THz 
one, the microcurrent will be proportional not to the integrated THz pulse energy, 
but rather to the value of the THz electric field in time, where the time is given by the 
delay between the THz and the probing optical pulse. In a similar fashion, one can 
exploit the transient birefringence of certain nonlinear crystals in order to change the 
polarization state of the probing optical pulse. Again this transient change depends 
on the time delay between THz and optical pulses and therefore it gives a time-scan 
of the temporal profile of the THz pulse (so-called “electro-optic sampling”). Finally, 
the symmetry breaking induced by the THz electric field in a centro-symmetric 
medium (usually air) will produce a nonlinear effect when coupled with a strong 
optical pulse, such as for instance optical Second Harmonic Generation (SHG), and 
again its intensity will be proportional to the amplitude of the THz electric field 
responsible for the symmetry breaking (this is the so-called Air Biased Coherent 
Detection - ABCD).
THz-TDS has the following characteristics:
1. THz-TDS technology can be used for qualitative identification [27], because it 
can effectively detect the physical and chemical information of materials in the 
THz band. And it is also a non-destructive detection method.
Figure 2. 
Plasma filament for THz generation.
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2. The amplitude and phase information of various materials such as dielectrics 
[28], semiconductors [3], gas molecules [11], biological systems [12, 29]  
(proteins, DNA, etc.) and superconductors [5, 30] can be obtained conve-
niently and quickly by using THz-TDS technology.
3. In conductive materials, THz radiation can directly access the carrier dynamics. 
THz-TDS can effectively be used as a non-contact and ultrafast multimeter for 
conductivity measurements.
4. Due to the transient nature of THz radiation, THz-TDS techniques can be 
used to measure relaxation-times and the low-energy excitations dynamics in 
general, with very good resolution [31].
Besides, THz-TDS technology also has the advantages of wide bandwidth, high 
detection sensitivity and stable operation at room temperature.
Despite a huge amount of developments in the last 20 years, THz-TDS still 
needs some improvements on the spectral resolution and spectral range. In the near 
future, THz-TDS technology will be a powerful tool for uncovering and analyzing 
ultrafast phenomena in basic sciences such as physics, chemistry, and biology. At 
the same time, with the reduction of laser cost, the emergence of more efficient THz 
emitters and detectors, and more compact and advanced optical design, THz-TDS 
technology will have a broad commercial application prospect [32].
1.4 THz Hyper-Raman time domain spectroscopy
The standard THz-TDS technique has already proved to be very effective. 
Nonetheless, it is important to highlight that, despite the use of nonlinear optics to 
generate and reveal THz radiation, this is a linear spectroscopic technique, i.e. it 
probes the linear dielectric function of the target material. Sometimes, it could be 
not so easy to access the target observables, such as the low-frequency excitations 
(phonons, magnons, excitons, etc.). For example, a large absorption can obscure a 
significant part of the spectral range, the index of refraction and/or the dielectric 
function could be difficult to interpret if the target materials have a complicated 
structure, the background from the bulk can overcome the weaker superficial 
contribution, which is perhaps the real target of the experiment, and finally some 
low-energy excitations are simply out-of-reach because of symmetry, i.e. they just 
do not show up in the linear parameters due to selection rules. Accessing the 
nonlinear optical parameters can in principle remove most of these hurdles. With 
this aim in mind, a new spectroscopic technique has been developed by our group a 
couple of years ago. Through the application of this new technology, femtosecond 
laser pulses and intense sub-picosecond broadband THz pulses produce THz-
optical four-wave mixing in the material. The spectrum of the resulting signal is 
decomposed both in wavelengths and time and it appears as two distinct frequency 




w  is the optical 
central frequency of the fundamental fs-pulse. This effect resembles the well-
known Hyper-Raman (HYR) effect, and therefore it has been named THz Hyper-
Raman - THYR.
In standard all-visible HYR, the coupling between optical frequencies happens 
through a high-order nonlinear susceptibility tensor. The model at the base of the 
THYR effect, instead, is a regular four-wave mixing effect, in which one of the 
optical photons is replaced by a THz photon. The mathematical formalism is 
therefore that of a nonlinear Raman effect, but because of the very small THz 
photon energy, the sidebands are appearing very close to the SHG central frequency 
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instead of the fundamental central frequency, resembling what happens in HYR. 
Taking the same nomenclature routinely used for Raman and HYR effects, we 




s a L T
w w w=
;
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T
w is the THz central frequency. For all details 
about THYR theory and applications we invite the reader to the following publica-
tions: [33–34]). The energy diagram of the effect is shown for Stokes (left) and 
anti-Stokes (right) bands in Figure 3. From an experimental point of view, the 
signal has to be measured in both frequency and time domain, so that the software 
TeraVision which has been developed in order to drive the experiment and record 
the data must be more sophisticated than the regular kind of software used for 
THz-TDS. Moreover, we intended to create a software capable of performing several 
different kinds of measurements, thought to be independent from the THYR 
spectrometry, and/or used as ancillary measurements in THYR spectrometry as 
well. In addition to this, we inserted some features in order to simplify the signal 
detection and optimization, which could be of use more generally for whoever 
needs to perform any kind of optical Pump/Probe experimental scheme.
2. Experimental set-up
The experimental setup which was built in order to perform THYR experiments 
is shown in Figure 4. The femtosecond laser is a Ti:Sa mode-locked seed laser, 
amplified by a regenerative cavity. The fs-laser pulse, after passing through the 
beam splitter, is divided into a Pump (transmitted) pulse and a Probe pulse (about 
10% of total power). The Pump is chopped by a mechanical chopper locked to half 
of the laser trigger frequency in order to block every second pulse. The pulse train 
chopping is very important because it allows measuring the difference between 
THz-ON and THz-OFF signals, as it will be further explained in the following. The 
pulse is then sent on a nonlinear optical crystal (Beta Barium Borate, β-BBO) where 
about 20% of the optical power is converted in SHG and then both fundamental and 
doubled pulses are focused in air by an achromatic doublet. In the plasma filament, 
usually about 1 cm long, the generated plasma is producing THz pulses via four-
waves mixing processes in which the maximum THz amplitude depends on relative 
phase between the fundamental and second harmonic light [35]. The Probe is sent 
to a delay stage in order to introduce a controllable delay between Pump and Probe 
pulses and then it is incident on the detection crystal (usually ZnTe, GaSe or GaP, or 
just air for ABCD technique) together with the THz pulse in a collinear geometry, 
through a hole in the last parabolic mirror. In the detection crystal the polarization 
Figure 3. 
Level diagram of THYR effect. Labels are: 1) L = laser 2) T = terahertz 3) S = stokes 4) a = anti-stokes.
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state of the optical pulse is altered by the presence of a transient birefringence 
created by the THz electric field, and this change can be detected by separating two 
orthogonal polarizations of the pulse with a Wollaston Prism and measuring their 
signal difference in a balanced photodiode. As the delay between the two pulses is 
adjusted, the amplitude of the THz pulse can be sampled in time, and the full THz 
waveform can be reconstructed. In a standard THz-TDS experiment, the sample 
will be placed in the first focus (f1) of the parabolic mirror and the detection crystal 
is placed in the second focus (f2), as we can see from Figure 1, to measure the THz 
waveform transmitted through the sample. The complex transmission coefficient is 
then obtained by measuring the signal without the sample in place, as an estimate 
of the incoming electromagnetic wave, and finally the complex ratio between the 
Fourier Transforms of those two measurements will deliver the complex transmis-
sion coefficient spectrum. In reflection geometry, the problem is more complicated 
by the difficulty to place sample and reference mirror with sufficient accuracy. We 
are not going to tackle the problem of THz reflectivity measurements here, and we 
refer to this publication and the references therein [36]. In the THYR experiment, 
the first focus (f1) is left empty, the detection crystal is removed, the sample is 
place in the second focus (f2) and the whole detection line after sample is replaced 
(by means of flippable mirrors) with the setup shown in the inset of Figure 4. The 
signal produced in the sample by the interaction between THz and optical pulses is 
filtered in order to remove the 800 nm light, then it is sent to a monochromator for 
spectral analysis and finally to a photon multiplier tube (PMT) for detection. The 
PMT is needed because of the very small amount of photons which are created by 
THYR effect, but its operation is usually in continuous mode rather than in photon 
counting mode. Anyway, if the signal from a given sample would be too small, it is 
straightforward to switch the detection to a photon counting regime, provided that 
the laser and setup stability is good enough to support a much longer data acquisi-
tion time. Finally, the ON and OFF trains of pulses are separated by the TeraVision 
Figure 4. 
Experimental setup of THz-TDS and THYR.
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software and each of them is subtracted with the following one. As the time-
distance of two subsequent pulses is 1 ms, this differential measurement scheme 
will quench all noises below the 1 kHz cutoff frequency. Moreover, this procedure 
ensures that even in presence of a strong non-THz-related background signal (as for 
instance a static SHG signal, or 2-photons luminescence) the measured signal will 
not be too much affected.
Here and in the following, we will name the Pump pulse simply “THz pulse”, 
as it is responsible for THz generation, and the Probe pulse will be named “Gate 
pulse”, as it sets the time-gate at which the signal is sampled. This nomenclature is 
quite common in THz spectroscopy, and it is particularly important when perform-
ing a THz Pump/Probe measurement, because in that case the pulses will be three: 
an optical Pump pulse which is exciting the sample, the THz and the Gate pulses, 
which are both together acting as a Probe. Let us now briefly give some details about 
the main components of the setup.
2.1 Laser
The laser system used to run the spectrometer is a Coherent Legend regenera-
tive amplifier seeded by a Coherent Mantis fs-oscillator (800 nm central wave-
length, 20 fs FWHM pulse duration, 80 MHz repetition rate, 500 mW output 
power) and pumped by Coherent Evolution (527 nm central wavelength, ~ 10 ns 
pulse width, 1 kHz repetition rate, 20 W output power). The Legend delivers 
~4 W output power at 1 KHz repetition rate (~ 4 mJ energy per pulse) at 800 nm 




It is an optical device which disperses the light spectrum by means of a suitable 
optical grating (1800 groves/mm, in this case) and filters out all wavelengths except 
those passing through a slit at the output of the device. We use a monochromator 
from the Optometrics Group which is a Ebert-Fastie type with focal length (path 
length) of 74 mm, model number SDMC1–02 (Scanning Digital MiniChrom). The 
wavelength range of this monochromator is 200-800 nm. The wavelength range 
is suitable for all our measurements (THYR, THz-TDS and SHG). The reciprocal 
linear dispersion factor is 3 nm/mm. We can operate our monochromator manually 
using a knob for selection and a digital counter for wavelength readout. However, 
the device is routinely controlled via TeraVision software which drives a stepping 
motor controller (PCM-01) connected to PC by RS-232 serial port. The monochro-
mator is used only for SHG and THYR detection, in combination with a PMT. It is 
possible to use it also for THz-TDS detection in case of ABCD technique, but we will 
not discuss this method here.
2.2.2 Photomultiplier tube and balanced photodiode
A PMT is a device consisting of a photocathode, several dynodes and one anode, all 
placed in vacuum. Modern PMTs deliver low noise and low jitter detection over a wide 
dynamic range. We use a PMT by Hamamatsu (model number R928) having spectral 
response from 185 to 900 nm. The PMT is used only for SHG and THYR detection, 
and it can be used in combination with the monochromator for THz-TDS by means 
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of the ABCD technique. In case of standard electro-optic sampling (THz-TDS) we 
use a balanced amplified photodetector by Thorlabs (model number PDB210A) with 
broadband detection range (320-1060 nm). The detector has two distinct low-noise 
photodiodes, whose difference is strongly amplified by the device in order to achieve 
a low noise measurement of the differential signal. The main advantage of this device 
compared to performing the subtraction of independent photodiodes signals is that 
the amplification on the difference is affected by a much lower noise than the subtrac-
tion of already amplified separate signals.
2.3 Delay line
In our experiments we use a linear stage by Physik Instrumente (PI, M-5x1 
series) which are low profile, high-accuracy linear translation stages for laboratory 
applications. The stage is controlled by a DC-Motor controller (Mercury) and the PC 
communication is ensured through a standard RS-232 port. The minimal step size 
corresponds to a minimum incremental motion of 0.1 μm and 1 μm full travel accu-
racy. Therefore, since the optical path is double (forward-and-backward) than the 
physical path, we can achieve a minimal time delay of about 6 fs. As the optical pulse 
duration is about 35 fs, this Delay Line allow us to reach the full time-resolution 
possible for our setup.
2.4 Rotors
To control the input and output optical polarizations of light for THYR and 
THz-TDS experiments, we used mechanical rotors controlled by DC servo control-
lers. We use Thorlabs rotors (model PRM1/MZ8) which are small, compact, DC 
servo motorized 360° rotation stages. The user can measure the angular displace-
ment manually by using the Vernier dial and the marks that are marked on the 
rotating plate in 1° increments. In order to rotate the rotors precisely we are using 
DC servo controllers (model TDCOO1) or “T-cube DC”, controlled in turn by our 
TeraVision software. The software allows the user both to set the in-out angles as 
fixed parameters in any kind of measurement, or to measure the signal as a func-
tion of in-and/or-out angles by fixing all other parameters, in the “Rotors” Tab.
2.5 Data acquisition
The electrical signal is generated by the PMT or the balanced photodiodes and 
enters a Stanford Gated Integrator or Boxcar Averager (GI). Here, it is splitted in 
two signals (50%). One is sent to a Tektronix DPO 4054 oscilloscope for monitoring 
the signal and, more importantly, adjusting the synchronization with the electronic 
gate, while the second signal enters the GI for processing. In our lab we use SR250 GI 
that is a versatile, high speed, low cost module designed to recover fast input analog 
signals from noisy background. It consists of a gate generator, a fast gated integrator, 
and an exponential averaging circuitry. The gate generator can be triggered inter-
nally or externally, and it provides an adjustable delay from a few nanoseconds to 
100 ms before it generates a continuously adjustable gate with a width between 2 ns 
and 15 μs. The delay can be set by a front panel potentiometer. The fast gated integra-
tor integrates the input signal during the gating and the output signal is normalized 
by the gate width to provide a voltage which is proportional to the average of the 
input signal. This signal can be further amplified by using different settings on the 
front panel of the boxcar integrator. The final analog output signal is sent to a data 
acquisition system (DAQ ) based on aPCIe-6351 interface by National Instruments 
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(NI). The latter is a X-series multifunction I/O Device, which offers analog (16 bit) 
and digital I/O, four 32-bit counter/timers for encoder, frequency, event counting 
etc. It relies on a high-speed PCI Express bus. In our TeraVision software we used 
NI-VISA which is an API (Application Programming Interface) that provides a 
programming interface to control GPIB, serial, USB, PXI, VXI etc. instruments in 
National Instruments application development environments like LabVIEW.
3. The TeraVision software
3.1 Brief introduction to LabVIEW
LabVIEW (Laboratory Virtual Instrument Engineering Workbench) is a 
software development environment by National Instruments (NI). One of the most 
significant difference between LabVIEW and many other computer languages is 
the use of a graphical interface for editing codes, resulting in the form of block 
diagrams. Besides this, LabVIEW is quite straightforward to use especially for 
people (like us) with no professional training for software coding, thanks to many 
routines and libraries which have been developed with a special focus on labora-
tory work, automation and instruments control, together with a pleasant and user 
friendly graphic interface for the software end user. This software is the core of 
the NI design platform and it is also an ideal choice for developing measurement or 
control systems. LabVIEW development environment integrates all the tools that 
engineers and scientists need to quickly construct various applications, designed 
to help engineers and scientists to concentrate on their principal tasks, to solve 
problems and to improve productivity.
LabVIEW is a graphical programming environment for creating applications 
using icons instead of text lines. The traditional text programming languages 
determine the order of program execution according to the order of statements and 
instructions, while the LabVIEW adopts the method of data flow programming. 
LabVIEW’s graphical source code is similar to a flowchart to some extent, so it is 
also called the block diagram. The data flow between nodes in the program block 
diagram determines the execution order of subroutines (Virtual Instruments – VI) 
and functions. LabVIEW provides many controls that look similar to traditional 
instruments, such as oscilloscopes and multimeters, for simplified user interface 
creation. The user interface in LabVIEW is called the front panel. With icons and 
wires in the block diagram, one can programmatically control the objects on the 
front panel.
3.2 Main concepts about the TeraVision software
The TeraVision software is meant to perform two main types of measurements: 
1) as a function of time (THz-TDS); 2) as a function of time and wavelength 
(THYR). In addition, it can perform two ancillary measurements: 3) as a function 
of wavelength only (Spectrum); 4) as a function of input/output polarizations 
(Signal Anisotropy). The latter two can be performed with and without a THz pulse 
applied on the sample. More features are very relevant for system optimization, 
and therefore the software includes: 5) a routine for signal optimization, in order 
to observe a real-time scan of the signal on screen, although with a large noise; 6) a 
signal-channel monitor, which displays the actual values of each channel of the DAQ 
before averaging; 7) a Delay Stage control to check for the device performance and 
to drive it manually and independently on the measurements. We note incidentally 
that point 6 can be used also as a signal monitor to manually measure the signal as 
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a function of any variable which is not under the software control (temperature, 
external electric or magnetic fields, and so on…). Since the signal is revealed as the 
difference between THz-ON and THz-OFF trains of pulses, this reading cannot be 
done by means of a single external unit, such as a digital oscilloscope.
The software can manage automatically the creation of folders and data files 
for saving the experimental results and the parameters are checked at each input in 
order to ensure that any possible mistake by the user cannot create problems during 
the measurement execution. At every startup the initialization procedure is collect-
ing data from all devices to set the safety breaks which are forcing the user to set all 
parameters in within a safe range. Moreover every value is rounded to the minimal 
time/angle/wavelength resolution, so that the device can be driven with no overlap 
between subsequent points. The measurements files are numbered incrementally 
in order to ensure that two runs with identical parameters and names will be stored 
in different files, which are saved automatically during each run, but can be deleted 
at the end of the run upon user command. The software also has the ability to ring 
a bell when the measurement is finished, and the bell stops ringing as soon as the 
mouse is moved or any key is pressed. In this way the user can save time and energy 
by working on other things while the measurement is running, still without losing 
any time at the end of each run. The basic idea below TeraVision is that the user 
must be concentrated uniquely on the measurement and not be bored by many 
irrelevant tasks.
The software produces three distinct files for each single measurement: a large 
data file in which every single point of every scan is saved before averaging, a short 
data file in which only the average on all points and scans is saved, and an image 
file which contains a summary of the measurement with graphs and all relevant 
parameters and comments by the user. This ensures that during data analysis the 
user will find quickly what he/she is searching for, he/she will be able to quickly 
analyze the averaged data, but he/she will also be able to perform a deep data 
analysis on individual points if needed, so to maintain the full information content 
of the measurement. The data files are saved point-by-point during the run, in order 
to prevent information losses due to system crash, electrical black-out or whatever 
unpredictable problems.
All these features are meant to create a very friendly and free-of-worries user 
experience, to make unnecessary for the user to have any specific knowledge 
about the software code and to achieve 100% safety about data loss and device 
operation.
From the point of view of the performances, and in particular in order to reduce 
the measurement time as much as possible, several solutions have been imple-
mented, and they will be discussed in the next sections.
3.3 The TeraVision front panel
We begin to describe the operation of the TeraVision software starting from 
the final user interface, in order to explain in some details all the features included 
in the software. In a second moment, we will describe the “backstage”, i.e. how 
we implemented the proposed solutions in the software code. Figure 5 shows the 
TeraVision front panel. In the upper line of the panel there is the software name 
and version, and the Quit button. This button is important, for it drives the correct 
quitting procedure of the software, as better explained in the dedicated section. The 
user can quit the software in other ways, but then he/she will need to close manually 
all ports used by the program and all set parameters of that experimental session 
will be lost and the software will load the previously saved ones at next startup. 
Below the first line, we can locate two main blocks: the central Tab panel, which is 
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the core of the software, and a lateral column. This column will be always on screen 
for any Tab selected. Let us describe the column content, and then we will describe 
each individual Tab of the central panel in separate subsections.
3.3.1 The controls column
The lateral column is always on screen, for each Tab selected. It is composed of 
two upper Controls columns and one lower indicator/comments column. On the 
two upper columns the user can set the parameters for different types of mea-
surements. These two columns have been labeled “Spectral controls” and “Time 
controls” not because they contain only spectral or time controls (they do not) 
but rather to remind the user that when he/she would like to perform a spectral 
measurement, the software will drive the Delay Line to a specific time (so the Delay 
Time parameter is shown in the Spectral Controls). Similarly, when the user wants 
to perform a Time-scan (just as the one shown in Figure 5) the software will set the 
monochromator wavelength to a fixed specific value, and therefore this value has 
been inserted in the Time Controls column. In the lateral columns it is possible to 
set the parameters for any specific measurement. The user can define the start/stop/
step values for a time scan or a wavelength scan, the angles of polarizer and analyzer 
waveplates, the number of Laser shots on which the average will be performed and 
the number of Scans (the number of times the single measurement will be repeated 
to improve the signal-to-noise ratio) and finally the sample name which will be used 
in the experimental report. Every single value is checked together with the others in 
order to ensure safety. For instance if the user sets by mistake a value for stopping 
the Delay Line which is larger than the Delay Line length itself, the software force 
the value to the maximum, which has been recorded during the device initializa-
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exchanged. If the user sets a negative value for the Laser Shots parameter, it is 
forced to positive, and so on.
3.3.2 The comments columns, the saved files and the experimental report
Below the Controls columns there are three indicators. “# per Scan” indicates 
the number of points to measure within a single scan, “Now scan #” indicates the 
number of current scan and “Meas. Numb.” indicates the incremental measure-
ments numbering. As already mentioned, each time a measurement is launched, 
the software creates three files using the sample name, date/time and measurement 
number for naming the files. Those files are saved in a folder, which is created auto-
matically at each startup during initialization, named with the date of the measure-
ment. The three files have all identical names but different file extensions. The *.dat 
file contains all single points of the measurement. The *.txt file contains only the 
averages for all points and all scans. The third file is a *.jpeg file with the printout of 
the experimental report.
Below the indicators there are two text fields with the user name (for future ref-
erences) and a free textbox in which the user will write all parameters which are not 
under TeraVision control (sample temperature, electric or magnetic fields applied 
to the sample, and so on…) and whatever observation is relevant to the present 
experiment. This “comment” textbox is extremely useful for creating the experi-
mental report file. Figure 6 shows an example of a report file. The measurement 
number and sample name are in the top row of the page. In the center of the page 
there are the graphs of the measurement, and just below them there is a textbox 
with all relevant parameters, the units of each column in the data files and the free 
comment textbox, just described above. The reason while we have chosen the *.jpeg 
format instead of the more used *.pdf file is that having one folder with up to 100 or 
more measurements, the user must open those 100 *.pdf files individually in order 
to find the measurement he/she is searching for. Using jpeg and any picture viewer, 
one can just browse all pictures in the folder within the same window simply by 
pressing an arrow key, and it is even possible to use the preview function so that one 
does not need to actually open the file in order to know what is inside that specific 
measurement. We found that if one makes use of this report wisely and carefully, 
it can create a digital log-book which can partially replace the need of a physical 
hand-written lab-book.
3.3.3 The Tab panel
• The first Tab is shown in Figure 5 is the “Acquisition” Tab. It is used for time-
scan, both with electro-optic detection, as in regular THz-TDS, or for scanning 
in time on a single wavelength in a THYR experiment, or for THz-TDS with 
alternative techniques such as the already mentioned ABCD technique. There 
are two graphs, one for the measured signal in time domain and the other 
which displays the Fast Fourier Transform (FFT) of the signal. In each graph 
two lines with different colors are displayed. The red one is the measurement 
on the current scan, and it is updated point-by-point, so that the user can 
immediately see if there are problems during the measurement without need to 
wait one full scan to be finished. The white curve is the average of all previous 
scans, and it is updated at the end of each scan. In the saved txt data file and 
jpeg report only the averaged curve is stored. In addition, the user has all the 
usual LabVIEW graph tools for changing the scale, labels, and more. Finally a 
vertical bar is tracing the progress of the measurement. This progress is not a 
theoretical estimate. It is calculated by measuring the real elapsed time since 
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the beginning of the measurement, dividing this time by the number of mea-
sured points so to obtain a realistic estimate of the time-per-point, and finally 
a multiplication for the number of total points and remaining points gives an 
estimate of the overall progress, in percent.
• The second Tab is the “Loop Scan” Tab. In this Tab the time scan is shown 
with no averaging. The delay stage is moved continuously in between the start 
and stop point, and the positions are not recorded. This speeds up a lot the 
acquisition, so that the waveform appears on the PC screen in real-time exactly 
as if it was displayed on an oscilloscope screen. In this Tab it is possible to set 
the velocity and acceleration of the Delay Stage, which will be then used also 
Figure 6. 
The report jpeg file generated at the end of each experiment.
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elsewhere. The reason for this utility is to monitor the signal while adjusting 
the alignment of the setup. Who works with THz knows that the setup optimi-
zation can be quite difficult because if one looks at some signal on the oscillo-
scope, for instance the peak of the waveform, this peak position will change in 
time as the user is optimizing the alignment, because the relative path between 
THz and Gate pulses is changed. If one has the signal on screen in real-time, 
the displacement of the peak position will not be a problem, as long as the 
peak will fall between the start and stop points. The major drawback of this 
method is that the very poor signal-to-noise ratio makes difficult to distinguish 
the signal when it is very far from optimal intensity. It is very useful to quickly 
reach the optimum once the signal is already roughly optimized.
• The third Tab is the “Move Stage” Tab. Here the user can set the Delay Stage 
parameters, and it displays a real-time chart which shows the stage position in 
time. This utility is used to manually move the stage step-by-step when search-
ing for the signal after a major realignment, or to quickly move the stage in 
between two fixed positions. For instance, when a filter is placed in one of the 
two arms THz or Gate, it will change the relative optical path by a fixed known 
amount of time, so that it will be possible to quickly switch between the peak-
signals in the two different cases.
• The fourth Tab is the “Single Channels” Tab. In this Tab a graph in real time 
shows just the output of the DAQ for a given number of points. The DAQ 
receives two signals. One is the photodetector (PMT or balanced photodiode), 
and the second channel is linked to a photodiode which monitors the THz 
generation optical pulse right after the chopper. This monitor is needed for 
two reasons: the first is to keep trace of the laser intensity, and the second to 
know exactly which pulse has been chopped and which one has not. Even if in 
principle this signal could be used to normalize the measured signal on channel 
1 in order to account for laser intensity fluctuations, our test measurements 
reveal that the amount of noise introduced by this procedure greatly overcomes 
the benefits of having a normalized signal, and therefore the channel 2 is 
used only to recognize the ON and OFF signals so to perform the differential 
measurement. In this Tab it is possible to set the DAQ parameters such as 
number of triggers to wait and average for each experimental point (delay stage 
position, monochromator wavelength). The utility is also capable of warning 
the user if the channel 2 photodiode signal difference between ON and OFF 
pulses is lower than 3 times the sum of the two standard deviations of each 
series of points (ON and OFF). When this condition is met, it means that the 
chopper phase has somehow changed and the chopping does not completely 
block every second pulses (this may happen for instance when the laser trigger 
has significant jitter or when the trigger parameters in the chopper motor are 
not correctly set). In this case, a red indicator blinks and the user is invited to 
check the chopper phase.
• The fifth Tab is the “PCM Spectrum” Tab. Here the signal is measured as a 
function of wavelength for a fixed Delay Line position (time position). In this 
Tab it is possible to set the monochromator parameters and to record a curve 
of the signal when THz is ON, OFF or the difference between the two. This is 
important in the case of THYR measurements, in order to directly compare the 
signal with no THz (standard SHG signal) and the signal with THz applied to 
the sample (THYR signal). It is also quite useful for quickly checking the pres-
ence of spurious effects, as for instance 2-photons luminescence.
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• The sixth Tab is the “2D Scan” Tab. This Tab is shown in Figure 7. This is the 
Tab for THYR measurement, where the signal is measured in 2D as a function 
of both wavelength (x-axis) and time (y-axis). The graphs in this Tab can be 
manipulated to be a color mesh in 2D or a full 3D graph. The figure shows a 
typical THz measurement, in which we can observe first and second order 
Stokes and anti-Stokes bands and their very different time relaxation. The oscil-
lating behavior of the central peaks is evident as well. For a detailed explanation 
of the measurement shown in this figure, we would like to refer to Ref. [26].
• Finally, the last Tab is the “Rotors” Tab, in which the signal can be measured 
as a function of the incoming or outcoming optical polarization. This is of 
particular importance when studying the symmetry properties of the SHG 
signal generated by the sample. This is in turn important for obtaining a 
correct physical interpretation of the THYR signal. This is in fact the result of 
a complex nonlinear optical effect, and its relationship with the target mate-
rial parameters of interest can be not easy or immediate to appreciate. One 
has to usually study the SHG symmetry and characteristics, with and without 
applying a THz pulse, in order to find the most convenient choice of the optical 
polarizations. This Tab can be also used as stand-alone acquisition software 
when a SHG measurement, rather than THYR or THz-TDS, is the real goal of 
the experiment.
3.4 Initialization and quitting routines
The conceptual scheme of the experiment in Figure 8 shows the optical, electri-
cal and digital connections of the THYR setup. The TeraVision software controls 4 
items: Delay Stage, Data Acquisition Card (DAQ ), Rotors and the monochromator. 
The first task of the software at startup is therefore to initialize all these devices. 
Figure 7. 
2D scan tab for THYR spectroscopy.
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The program creates all folders needed for data acquisition according to the system 
date and time; it opens all communication ports and cleans all buffers. In this phase, 
however, the software is not only performing the basic initialization in order to be 
able to communicate with each device, but it is also interacting with the user. Using 
pop-up messages the software asks the user about starting set parameters, which 
initial value is read in a setup file. For instance the user can choose to move the 
Delay Stage to find its physical edges or to set the “home position”, i.e. the zero-step 
position. The user can choose to skip the initialization procedure of that specific 
device too. The same happens for all devices. This start-up phase is run only at the 
beginning, when the software is launched. Then the software is running in time-out 
mode, waiting for user commands. When the software is quit, a second one-time-
only routine is launched, which is saving all set parameters in the setup file in order 
to call them again at next startup. This method is very convenient as the parameters 
are many, and the user can not always remember which parameter was set last time. 
Beside this, the quit-routine is closing all open ports and flushing all memories of 
the devices in order to ensure a clean startup on the next call. A “smart-stop” VI 
ensures that the user cannot quit the program if one or more while/for loops are still 
running. The VI makes sure all loops are closed in the right order, from internal to 
external, and all queues are correctly flushed before moving to stop the next loop. 
This is the reason why it is not recommendable to quit the software in other ways.
3.5 The block diagram: event structure/producer and consumer loops
After initialization, the software goes in timeout mode and waits for user com-
mands. The entire architecture of the software is therefore enclosed in a large event 
structure, shown in Figure 9, where every single button on screen is triggering a 
specific event. This choice of the basic architecture was perhaps not the wisest one, 
and it will be changed in the future (see the final section about future perspectives). 
In order to ensure that unjustified clicking on certain buttons by the user can harm 
the software execution, each event will disable all buttons which are not relevant 
during the performance of that event, and those buttons will be grayed, so that the 
user has an exact feeling of what can and cannot be done in that precise moment. 
The user can always stop the current task with a specific stop button, which drives 
Figure 8. 
Conceptual scheme of the experiment.
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the already mentioned “smart-stop” VI instead of being directly linked to any loop, 
so to ensure that the system has returned to timeout mode correctly.
The TeraVision software has been written with particular effort on saving time 
during each measurement. If a simple time-scan on a short range and few points can 
take seconds or few minutes, a full resolution 2D scan of a real THYR measurement 
can take several hours. This time is really at the limit of long-term laser stability 
specifications. For this reason, every millisecond spared during the single point 
acquisition, or in between two subsequent scans, is important. Several actions have 
been taken in order to reduce the measurement time as much as possible, and we 
will list them in this section.
First, the time required for the actual measurement (devices movements and 
number of triggers for each point) is decoupled from all analysis and digital work 
(in particular data and parameters file writing, which is the most digital time-
consuming task). The way we chose for this, is to implement several Producer/
Consumer loops (an example is shown in Figure 10). The Producer/Consumer 
architecture is a classic case of multithreaded synchronization solution. It applies 
when two threads (producer and consumer) actually run together in parallel. 
The main role of the producer is to generate a certain amount of data to put 
into the buffers and then repeat the process with one or more nested for/while 
loops. It is crucial to implement “smart stops” in order to prevent crashes due 
to nested loops. At the same time, consumers are consuming the data in buffers 
for data analysis and saving. The key is to ensure that producers do not add data 
when the buffer is full, and consumers do not consume data when the buffer is 
empty. Figure 10 shows as an example the Producer/Consumer architecture for 
the Acquisition task. Many users know that LabVIEW can be programmed by 
multithreading, but usual ways to implement multithreading are to use global and 
local variables, with the disadvantages of possible data loss, risk and competition. 
The loops are driven by queue controls in order to ensure a correct processing of 
data flow.
The data processing is, however, not the most time-expensive problem. The 
most time-consuming tasks are by far the physical movements of all devices. In 
order to minimize those movements, we implemented the following procedure. 
Figure 9. 
The TeraVision block diagram.
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The usual way to drive a step motor is to give it a target position, then read out the 
actually reached position and finally adjust it with a secondary movement com-
mand, with or without a third step due to so-called backlash correction. We chose 
to avoid all position corrections. For the measurement is not important that the 
target position is “really” that given in command, as long as the actual position 
reached after a single movement is read with sufficient precision and accuracy. 
Therefore, the system creates an array of positions, from the start/stop/step param-
eters, equally spaced, and gives them to the motor driver VI for each trigger of the 
acquisition loop. Instead of waiting that the device goes precisely on each position 
of the array, the software collects data on random positions acquired “closed to” 
the target positions. After one scan is completed, the software interpolates the 
signal values acquired on random positions on top of the original equally spaced 
array. In this way we realize two important things: first, the signal can be averaged 
easily with all previous scans as the x-axis values are identical, and second the FFT 
routine will work correctly, as it requires to run over equally spaced arrays only. For 
the same reason of minimizing the device movements, the software is also capable 
of performing the scans in “reverse” mode, i.e. it scans from start to stop and then 
from stop to start, in order to remove the dead time needed to send the motor back 
to the start position. Finally, the system can decide automatically how to start the 
first scan by reading the actual position and compare it with the position array so 
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4. Future perspectives
In the near future we plan to upgrade the software to version 3.0 with three 
main improvements (and many minor adjustments). First, the system will be able 
to perform individual separated measurements, saved in separated individual files, 
for a given list of static parameters. For example, we can now scan the signal as a 
function of the input polarization, and we can then fix one specific angle and run 
a time-scan or a wavelength-scan. In the future it will be possible to programmati-
cally set two or more angles (and other parameters as well) and run subsequent 
separate measurements for every single parameter.
The second improvement goes in the direction of greatly reducing the mea-
surement time. We bought a new Delay Line which is capable of reading the stage 
position on-the-fly while the stage moves. Those positions are recorded in a buffer 
and they can be read all together in the dead-time which the motor employs to stop 
the stage and start to scan in the opposite direction. The system can therefore work 
continuously without the need to make stop-and-go movements. The challenge here 
is represented by the need to link the physical position of the stage in real time, to 
the time at which the signal is actually measured, and this requires a very fine and 
precise synchronization of the digital clock with the laser trigger.
Finally, a major rearrangement of the whole software architecture is needed in 
order to bring the loops out of the event structure. A simple state machine will con-
tain the measurement loops, while the event structure will drive the state machine. 
This rearrangement is not critical because our current architecture has proved itself 
to be very robust (the software crashes very rarely, if ever), but we have in mind to 
do so because it will be much easier to work on the software when it is necessary to 
add/change any component, and also in order to have a much more “clean” block 
diagram.
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